The effects of phosvitin (PV) on insolubilization of egg white protein (EWP) and ovotransferrin (OT) were examined by measuring turbidity after heating at 80 C in a pH range of 5 to 8. PV showed preventive ability against heat-insolubilization of EWP, especially heatlabile OT. The preventive ability of PV was reduced by adding NaCl to a PV-OT mixture on heating. Native PAGE and gel filtration analyses showed that PV prevented an insolubilization of heat-denatured OT through ionic interactions. The preventive effects of PV on insolubilization of EWP and OT resulted in the formation of a firm, transparent gel from EWP in coexistence with PV on heating. The addition of PV might make possible the preparation of liquid egg white without insoluble products even on heat-treatment at high temperatures.
The effects of phosvitin (PV) on insolubilization of egg white protein (EWP) and ovotransferrin (OT) were examined by measuring turbidity after heating at 80 C in a pH range of 5 to 8. PV showed preventive ability against heat-insolubilization of EWP, especially heatlabile OT. The preventive ability of PV was reduced by adding NaCl to a PV-OT mixture on heating. Native PAGE and gel filtration analyses showed that PV prevented an insolubilization of heat-denatured OT through ionic interactions. The preventive effects of PV on insolubilization of EWP and OT resulted in the formation of a firm, transparent gel from EWP in coexistence with PV on heating. The addition of PV might make possible the preparation of liquid egg white without insoluble products even on heat-treatment at high temperatures.
Key words: phosvitin; egg white; ovotransferrin; heat interaction; transparent gel Egg white protein (EWP) is widely used as a key ingredient in processed foods. This is mainly due to their versatile functional properties, including solubility, heatgelation, emulsification, and whipping. EWP and admixtures with other ingredients are often heat-treated at pasteurization or during various processings. Such heattreatment causes denaturation and aggregation of EWP due to the high heat sensitivity of the protein, and the resulting insoluble proteins reduce the functional properties. [1] [2] [3] Therefore, the pasteurization of egg white to prevent insolubilization is carried out for a few minutes at a temperature near 60 C. On the other hand, in order to stabilize EWP against heat aggregation and potential precipitation, the effects of treatments with acylating reagents, 4, 5) fatty acids, 6) anionic detergents, 7) and polyols 8) have been investigated. King et al. 9) reported that an increase in negative charge of EWP by adding oleic acid or sodium dodecyl sulfate (SDS) altered thermal denaturation and improved the properties of EWP gel. We showed in a previous paper that dextran sulfate suppresses the heat-insolubilization of EWP, and that a transparent, firm gel can be prepared from EWP by the addition of dextran sulfate, an anionic polysaccharide, on heating.
10) Watanabe and collaborators showed that dry-heated egg white has an inhibiting effect against heat coagulation of fresh egg white on heating at 60 C for 5 min and that soluble aggregates of ovalbumin (OA) formed during the dry-heating inhibit the formation of OT coagula. [11] [12] [13] Recently we reported the ability of -casein to suppress the heat-insolubilization of EWP, and that -casein improves the gel properties of EWP. 14, 15) Although the stabilizing effects of different types of molecules on EWP have been well documented by many researchers, little is known about how the insolubilization of EWP is inhibited by these molecules and how the molecules affect the heat aggregation and gelling mechanism.
During further experiments on heat-induced aggregation of EWP, we found that phosvitin (PV) prevents insolubilization of EWP on heating at 80 C. The preparation of egg white without insoluble products even at heat-temperature above 60 C is favorable to further applications of the protein as a functional food material.
PV, the major phosphoprotein in egg yolk, is known to be a heat-resistant protein. PV solutions heated in a pH range of 4 to 8 for several hours at 100 C did not precipitate or show any other change. 16 ) Therefore, it is a subject of interest how PV affects the sensitivity of EWP to heat-denaturation and heat-aggregation. In this study, we examined a possible mechanism by which PV prevents the heat-insolubilization of EWP on a molecular basis. The mechanism of formation of transparent EWP gels by the coexistence of PV on heating is discussed. These data provide new insights into the functions of PV as a molecular chaperone under heat stress.
Materials and Methods
Materials. Dried EWP, spray-dried at an exhaust temperature of 60 to 70 C after decarbohydrate treatment by a glucose oxidase-catalase enzyme system, was provided by Q. P. Corp. (Tokyo), dialyzed extensively y To whom correspondence should be addressed. Fax: +81-83-933-5820; E-mail: naotoshi@yamaguchi-u.ac.jp Abbreviations: EWP, egg white protein; PV, phosvitin; OT, ovotransferrin; OA, ovalbumin; LZ, lysozyme against distilled water, and then centrifuged at 10,000 g for 20 min at 4 C to remove small amounts of insoluble materials. The supernatant was then freeze-dried. The EWP samples obtained were stored in a desiccator at 4 C. OT (from chicken egg white that was substantially iron-free) was purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals used in this study were of reagent grade.
Preparation of PV. PV was prepared from fresh egg yolk according to the method of Mecham and Olcott. 16) It was further purified by ion exchange chromatography on a DEAE-Sephadex A-50 column equilibrated with 20 mM Tris-HCl buffer, pH 7.0, and eluted with a linear NaCl gradient of 0 to 0.6 M. The single peak eluted in a salt concentration of 0.4 to 0.5 M was collected and lyophilized after dialysis against Milli-Q water.
Heat treatment and measurement of turbidity. Protein solutions (2.0 ml) in 10 mM sodium phosphate buffer were placed in a sealed glass vial (Pyrex culture tubes, Corning 9826) and heated at 80 C for 10 min in a water bath. After heat treatment, the vials containing protein sample were cooled immediately in ice water, and the absorbance of the sample was measured at 500 nm using a Hitachi spectrophotometer (model U-2000, Tokyo) and used as the value for turbidity (an indication of protein insolubilization). The effect of PV on the heatinsolubilization of EWP was examined by comparison with the case of a single system of EWP or PV. Each data value of protein insolubilization represents the mean of triplicate determinations.
Gel electrophoresis. Native PAGE without SDS and reducing agent was performed in 7.5% polyacrylamide gel sheet, as described by Davis. 17) Gel sheets were fixed and stained with Coomassie Brilliant Blue.
Method of gelation and measurement of gel properties. EWP was dissolved in distilled water at a protein concentration of 12% (w/v), and the solution pH was adjusted to the indicated pHs with 1 M NaOH or HCl. In the mixed system, various amounts of PV were added to the EWP solution as a solid and stirred gently for 10 min at room temperature. Finally, the EWP solution containing PV was adjusted to the indicated pHs before the subsequent gelation step. A solution (1 ml) of EWP with or without PV was placed in glass tubes (6.0 mm in diameter) previously treated with Sigmacote (Sigma Chemical, St. Louis, MO). The content of each tube was deaerated by placing the tube in a Sharp sonicator (model UT-205, Tokyo) under reduced pressure for 1 min. The tubes were heat-sealed and heated for 10 min in a water bath at 80 C for gelling, and then held overnight at 4 C before testing. After the tubes were tempered at room temperature, protein gel was taken out of each tube. Each protein gel was cut into uniformly flat 5.0 mm-thick sections and compressed to 40% of its original height with a tensile tester (Tensilon UTM-II, Toyo Baldwin, Tokyo), as previously described.
18) The force required to compress the gel to 40% was expressed as gel hardness. None of gels was fractured under the compression conditions. Gel filtration. Gel filtration was carried out by HPLC in a TSK Gel G3000SW column (Tosoh, Tokyo, 0:75 Â 30 cm). A 20-ml portion of protein solution was loaded on the column at flow rate of 0.5 ml/min, using 0.1 M sodium phosphate buffer (pH 7.0) as an elution solvent. The chromatogram was depicted by monitoring the effluent at 280 nm.
Results and Discussion
Effects of PV on heat-insolubilization of EWP High heat sensitivity of EWP restricts the conditions of heat pasteurization and applications to heat-processed foods due to the resulting insolubilization. The effects of PV on the insolubilization of EWP were examined by measuring the turbidities of the mixed solutions after heating. An EWP solution (2%, w/v) in 10 mM sodium phosphate buffer (pH 7.0) was heated at 80 C for 10 min with various concentrations of PV (0-3.0 mg/ ml). Figure 1 shows the changes in apparent absorbance at 500 nm of the solution of EWP heated in the presence of PV. The EWP solution at a temperature of 80 C underwent denaturation followed by insolubilization. On the other hand, when the PV solution was heated separately, the solution was still clear at all concentrations of the protein used in this experiment (data not shown). In the mixed solutions, however, turbidity development was reduced with the increased PV concentration and almost completely suppressed at a PV concentration of 0.5 mg/ml. In other words, clear solution was prepared in the presence of PV even when EWP was heated above 60 C. The effect of pH on the ability of PV to prevent heatinsolubilization of EWP was examined from the change in turbidity. Mixed solutions of EWP (2%, w/v) and PV (1.0 mg/ml) in 10 mM MacIlvine buffer of various pHs of 5.0 to 8.0 were heated to 80 C for 10 min, the result being shown in Fig. 2 . Control EWP solutions became turbid at pH values of 5.0 to 7.0 and precipitated at pH 5, close to the isoelectric point (pI 4.5) of ovalbumin (OA), 19) a major protein in EWP. On the other hand, the mixed samples gave much clearer solutions in the range of pH tested than the EWP solutions alone. Thus the preventive effect of PV on insolubilization of EWP was observed even at high temperatures, above 60 C (the usual pasteurization temperature of egg white) over a pH range of 5.0 to 8.0.
Effects of PV on heat-insolubilization of OT
OT is the most heat-labile protein in egg white, and heating of EWP even at a lower temperature, near 60 C, caused OT insolubilization. [20] [21] [22] Thus the high heat sensitivity of OT might be a driving force in the heatinsolubilization of EWP. First we examined the effects of PV on the heat-insolubilization of OT. We have reported that OT solution gets turbid because of the formation of insoluble aggregates by heating at 65 C and pH 7. 23) In this study, OT solution (0.5 mg/ml, in 10 mM phosphate buffer, pH 7.0) with various concentrations of PV (0-0.05 mg/ml) was heated at 80 C for 10 min. Figure 3 shows the changes in apparent absorbance at 500 nm of the solutions of OT heated in the presence of PV. The OT solution at a heating temperature of 80 C became turbid. In the presence of PV, however, the heat-insolubilization of OT was suppressed with increases in PV concentration. Complete suppression occurred at a 1:0.06 (w/w) ratio of OT/PV, corresponding to a mole ratio of about 9:1 on the basis of a molecular weight of 78,000 for OT and of 42,000 for PV. 24) This result indicates that PV and OT interact to prevent protein insolubilization. Of interest in this result is the possible interaction between OT and PV. It is conceivable that PV enhances the solubility of denatured OT and the stability of OT during heating. The effect of pH on the preventive ability of PV against heat-insolubilization of OT was examined from the change in turbidity. The mixed solutions of OT (0.5 mg/ml) and PV (0.05 mg/ml) at various pHs of 5.0 to 8.0 were heated at 80 C for 10 min; the result for turbidity is shown in Fig. 4 . On heating at 80 C, OT itself produced insoluble aggregates over a pH range of 5.5 to 7.5, but the turbidity development was almost completely reduced by the presence of added PV. This result indicates that the addition of a small amount of PV to OT inhibited the insolubilization of OT even at the high temperature of 80 C and in a pH range of 5.5 to 7.5. The turbidity of solutions of OT (0.5 mg/ml) with and without PV (0.05 mg/ml) at various pHs was measured after heating at 80 C for 10 min.
We found that the heat-insolubilization of OT is caused by a combination of hydrophobic interaction as well as thiol-disulfide interchange interaction. 23) To clarify a possible mechanism for the prevention of OT insolubilization by PV, a mixture of OT (0.5 mg/ml) with PV (0.05 mg/ml for PAGE or 2 mg/ml for gel filtration) was heated at 80 C for 10 min at pH 7.0, and the resulting clear protein solution was analyzed by native PAGE (Fig. 5A ) and gel filtration (Fig. 5B) . On PAGE analysis, proteins in the heated mixture were clearly separated into major bands of OT and PV during electrophoresis (lane 2 in Fig. 5A ), and some bands of soluble aggregate were observed at the top of the separating gel, with a slight decrease in the band intensity of the OT monomer. The intensities of bands corresponding to PV in the mixture before and after heating showed almost no change, suggesting that PV interacted with OT non-covalently and then inhibited OT insolubilization during heating. The gel filtration of the heated mixture was also carried out using sizeexclusion HPLC. Native PV was eluted at retention times of 14.4 min and 15.4 min, corresponding to theand -components respectively, 24) and OT, about 20.4 min. After heating, the retention times of PV and OT in the sample mixture were almost the same to those of the respective non-heated samples. The peak height of PV did not change before and after heating, while the peak height of the OT monomer decreased slightly, with the formation of a small amount of soluble polymers (retention time, 10.98 min) having a molecular weight higher than 200 kDa. The HPLC pattern showed that a small amount of OT was transformed into soluble OT aggregates in the presence of PV during heating at 80 C, confirming the result obtained by native PAGE, although most of the OT remained in the monomeric state. This result also indicates that PV did not bond covalently to OT during heating, but prevented OT from precipitating. It was well-known that PV is a highly phosphorylated protein and thus has the property of a polyelectrolyte, and that the protein molecules attain an extended shape due to strong electrostatic repulsion in the intra-and inter-molecules at low ionic strength. 25) PV may have a tendency to interact instantly with heatdenatured OT. Thus, PV can create a nonreactive barrier by placing itself between the heat-denatured OT molecules and can prevent the interaction among heatdenatured OT molecules that leads to insoluble OT aggregates.
Effect of NaCl on the preventive ability of PV The effect of NaCl on the ability of PV to prevent heat-insolubilization of OT was determined from the change in turbidity. Mixed solutions of OT (0.5 mg/ml) and PV (0.05 mg/ml) in 10 mM sodium phosphate buffer (pH 7.0) containing various concentrations of NaCl below 50 mM were heated at 80 C for 10 min; the results for turbidity are shown in Fig. 6 . The turbidity development of OT solution was independent of the NaCl concentration, maintaining values of about 1.7 on absorbance at 500 nm at all NaCl concentrations tested. When PV solution was heated separately, its solution was still clear at all NaCl concentrations used in this study (data not shown). On the mixed solution, the preventive ability of PV was reduced at NaCl concentrations above 20 mM, the development of turbidity recovering almost completely with 50 mM NaCl. Because the major noncovalent force affected in the range below 0.2 M ionic strength is an electrostatic interaction, 26) our results suggest that the prevention of OT insolubilization by PV took place through ionic interactions. Such interactions might be due to the action of phosphoserine residues in PV as a polyelectrolyte.
Effect of PV on properties of heat-induced EWP gel
In this study, we found that PV prevented the heatinsolubilization of EWP and of heat-labile OT. Heatinduced gelation is one of its important functional properties with respect to EWP usage in food systems. The effects of the addition of PV to EWP were investigated by measuring the hardness and transparency of heat-induced gels. Figure 7 shows the hardness and visual appearance of protein gels formed by heating EWP and the PV/EWP mixture at different concentrations for 10 min at 80 C at pH 7. The PV/EWP mixtures were prepared by mixing EWP (12%, w/v) and PV at various concentrations. The addition of PV (0.3-1%, w/v) to EWP (12%, w/v) in the mixed system caused a remarkable increase in gel hardness as compared with EWP gel alone at the total amount of protein, although PV itself did not form a gel at the protein concentrations in the mixtures (data not shown). C for 10 min. Most commercially available EWP gives milk-white gels on heating when pH is close to the pI (pH 4.5) of OA, a major protein in EWP. 27) As shown in Fig. 8 , control EWP samples formed milk-white gels at pH values of 5.0 and 6.0 and turbid gels at pH values of 7.0 and 8.0, while the mixed samples formed much clearer gels at pH values of 7.0 and 8.0 than the EWP gel alone. On the other hand, the hardness of EWP gel alone gave maximum values at pH 6.0, and similar behavior was observed in the hardness of PV/EWP mixed gel. But the mixed gel resulted in greatly increased gel hardness at all pH values tested, although PV itself did not gel as much at the protein concentrations in the mixture as EWP gel alone. This result indicates that PV had synergistic effects on the hardness of EWP gel. The possible causative factors responsible for the altered gel characteristics of the PV/EWP system are apparently not clear, but the preventive effects of PV on the insoluble aggregate formation might be responsible for the formation of a firmer, transparent gel from EWP at pH 7 and 8. 
Conclusions
PV had a high ability to prevent heat-insolubilization of EWP and heat-labile OT. The addition of a small amount of PV to EWP caused an increase in gel hardness, and the mixed gels became transparent. The improvements (hardness and transparency) in EWP gel by PV appear to be caused mainly by the prevention of heat-insolubilization of EWP by PV. The nature of PV is favorable to further applications of EWP as a gelling material. The addition of PV might make possible the preparation of liquid egg white without insoluble products on pasteurization at high temperatures for thermal-resistant microorganisms such as Salmonella sp. Further studies are needed better to elucidate the mechanisms responsible for the prevention of heatinsolubilization of EWP or OT by PV. The effects of PV on heat aggregation among three major proteins (OA, OT, and LZ) of EWP are being investigated in detail to understand the formation of a firmer, transparent gel from EWP by adding PV.
